Trees are able to reduce their carbon (C) losses by refixing some of the CO 2 diffusing out of their stems through corticular photosynthesis. Previous studies have shown that under ideal conditions the outflowing CO 2 can be completely assimilated in metabolically active, young stem and branch tissues. Fewer studies have, however, been carried out on the older stem sections of large trees and, accordingly, the importance of refixation is still unclear under natural environmental conditions. We investigated the spatial and temporal variation in refixation in~90-year-old boreal Scots pine (Pinus sylvestris L.) trees by utilizing month-long continuous measurements of stem CO 2 efflux (E c ) made at four heights along the bole. Refixation rates were found to vary considerably along the bole, leading to a 28% reduction in long-term E c in the upper stem compared with a negligible reduction at breast height. This vertical pattern correlated with variation in light availability, bark chlorophyll content and bark type. Analysis of the vertical and diurnal patterns in E c further suggested that the influence of sap flow on the observed daytime reduction in E c was small. The areal rates of corticular photosynthesis were much lower than previous estimates of photosynthetic rates per unit leaf area from the same trees, implying that the impact of refixation on tree-scale C uptake was small. However, upscaling of refixation indicated that 23-27% of the potential E c was refixed by the bole and the branches, thereby significantly reducing the woody tissue C losses. Thus, our results suggest that refixation needs to be considered when evaluating the aboveground C cycling of mature P. sylvestris stands and that breast-height estimates should not be extrapolated to the whole tree.
Introduction
The capacity of trees to refix CO 2 that would otherwise diffuse out from their stems and branches has been found to be high (e.g. Pfanz et al. 2002 , Damesin 2003 , Berveiller et al. 2007 , Wittmann and Pfanz 2008a , Avila et al. 2014 . The rates of corticular photosynthesis, and subsequently the efficiency of refixation, are dependent on a variety of factors that may vary along tree stems. These include light availability and transmission through the bark, bark chlorophyll (chl) content and the efficiency of photosystem II (Pfanz et al. 2002 , Aschan and Pfanz 2003 , Avila et al. 2014 . Light attenuation with canopy depth is exponentially related to the leaf area above a given height (Monsi and Saeki 1953) and therefore exhibits strong vertical variation in mature stands. Light transmission through the periderm spans from a few percent to up to 80% of incident photosynthetic photon flux density (PPFD), and varies within the wavelengths of visible radiation and among species (e.g. Wittmann et al. 2001 , Wittmann and Pfanz 2014 . Overall, the light gradient through the bark is steep, with little light reaching beyond the cortex (e.g. Pfanz 2014, 2016) , with photosynthesis therefore being restricted to a thin outer layer of the stem. Furthermore, light transmission has been shown to decrease with the age of the stem section and the thickness of the bark (Wittmann and Pfanz 2008a ) and can thus be expected to vary among stem positions in mature trees. Bark chl contents are low relative to foliage (e.g. Ivanov et al. 2006 , Berveiller and Damesin 2008 , Saveyn et al. 2010 . Moreover, the bark chl a:b ratios are also relatively low, indicating strong shade adaptation of the stem photosynthetic tissues (e.g. Aschan et al. 2001 , Pfanz et al. 2002 , Wittmann and Pfanz 2008a . Previous studies on mature trees have found the total bark chl contents and the chl a:b ratios to decrease toward the base of the bole (Benecke 1985 , Kharouk et al. 1995 . These findings suggest that bark photosynthetic capacity acclimates to vertical light availability gradients in mature trees. This acclimation might lead to inaccurate estimates if breast height measurements were used to scale up refixation to the whole-tree or stand level.
Much of the current knowledge regarding corticular photosynthesis and refixation comes from mechanistic studies on small diameter stems, twigs or seedlings. These studies have typically been carried out under closely controlled environmental conditions, often in short-term studies on outer canopy branches with high light exposure. Less work has been carried out with the aim of determining the refixation capacities and the long-term refixation efficiencies of older stem sections growing under natural environmental conditions. However, previous studies have shown that bole and branch refixation capacities decrease with canopy depth, and thus tissue age, in large field-grown trees (Linder and Troeng 1980 , Linder 1981 , Benecke 1985 , Cernusak and Marshall 2000 .
In small plants, refixation can contribute substantially to growth (Saveyn et al. 2010 , Bloemen et al. 2016 . In comparison, estimates of the contribution of refixation to the carbon (C) budgets of larger trees are rather rare; Strain and Johnson (1963) studied a mature Quaking aspen (Populus tremuloides Michx.) stand and suggested that the growth contribution by corticular photosynthesis could be 'significant'. Cernusak and Hutley (2011) estimated refixation to 71% of the woody tissue respiration in mature Darwin wollybutt (Eucalyptus miniata Cunn. Ex. Schauer), a species with a deciduous bark habit;~11% of the wood in the branches was constructed from C derived from corticular photosynthesis. A recent review of the factors contributing to stem growth by Steppe et al. (2015) also discussed the role of refixation of CO 2 by woody tissues.
In the current study, we used continuous measurements of stem CO 2 efflux (E c ) from four positions along the boles of two Scots pine (Pinus sylvestris L.) trees to study the spatial variation in refixation in mature trees growing in the field. Moreover, we utilized the data set to create tree-scale estimates of refixation that integrated over both space and time. Thus, the current study expands on the understanding of the role of refixation in mature field-grown trees and, through continuous measurements, avoids the uncertainties of short-term field studies, which may be biased due to variable weather conditions among measurement times.
We hypothesized that (i) refixation rates decrease downward along the stem in mature P. sylvestris growing in the field and (ii) the variation in refixation rates is driven by differences in light availability, bark type and corticular chl content. Furthermore, we used the continuous data set to calculate the long-term effect of refixation on the aboveground C cycling of mature field-grown P. sylvestris trees.
Materials and methods

Site description
The study was carried out at the Rosinedalsheden experimental forest in northern Sweden (64°10′N, 19°45′E, 153 m above sea level) from 16 August until 16 September 2014. The stand also served as an untreated control for a larger scale fertilization trial. It consisted of~90-year-old P. sylvestris trees regenerated from seed trees in the mid-1920s. The 30-year (1981 The 30-year ( -2010 mean annual temperature and precipitation measured at Svartberget research station (<8 km from the site) were 1.8°C and 614 mm, respectively (Laudon et al. 2013 ). The trees grew on weakly podzolized fine sandy soils with a thin (2-5 cm) organic layer and a C:N ratio of~40 (Hasselquist et al. 2012 ). The stand density and leaf area index were 1010 ± 125 trees ha −1 (mean ± SD, n = 3) and 2.7, respectively, in 2013 (Lim et al. 2015) . In May 2015, the mean tree height and breast height (1.3 m) diameter were 18.6 ± 2.3 m (mean ± SD, n = 303) and 18.3 ± 3.9 cm (mean ± SD, n = 303), respectively. The current study was carried out in early autumn when diameter growth had ceased, but cell wall thickening was likely still underway (e.g. Ryan 1990 , Rossi et al. 2006 ).
Measurements
The CO 2 efflux (E c ) measurements were carried out on two trees located adjacent to a 16 m tall scaffolding tower, which provided access to the upper bole and support for the equipment used in the measurements. The trees were 16.4 m (south-eastern tree, SE; position relative to the scaffolding tower) and 15.8 m (northeastern tree, NE) tall with stem diameters at 1.5 m of 20.6 cm (SE tree) and 18.0 cm (NE tree) ( Table 1 ). The diameters corresponded to the 72nd and 49th percentile on the stand level, respectively. The annual diameter growth at 1.5 m was in 2014 approximately twice as high in the SE tree as in the NE tree in 2014 (Sune Linder, unpublished data). The bark of P. sylvestris commonly changes from thick and rough in the lower stem to thin, papery and smooth in the upper stem (see Image S1 and Figure S1 available as Supplementary Data at Tree Physiology Online). The mid-point of the transition zone occurred at~3.5
Tree Physiology Online at http://www.treephys.oxfordjournals.org and~3.2 m in the SE and NE trees, respectively, comparable to our stand-scale estimate of 3.6 ± 1.2 m (mean ± SD, n = 105). The E c was measured continuously at four heights along the bole on both trees, from breast height (1.5 m) to approximately mid-crown (Table 1 ) using a custom-built multi-channel gas exchange system (Wallin et al. 2001) . Thus, the breast height chambers measured efflux through the thicker rough bark, whereas the other chambers measured through the thinner smooth bark. The gas exchange system was equipped with an infrared gas analyser (IRGA, CIRAS-1 PP Systems, Hitchin, Herts, UK) running in open mode and located in a hut adjacent to the scaffolding tower. The measurement chambers were constructed of transparent acrylic plastic (Perspex) and covered a stem surface area between 109 and 126 cm 2 depending on the diameter of the bole at chamber location. Thus, the chambers did not cover the entire stem circumference but rather a smaller section. The chambers were held in place by adjustable straps with silicone added as an additional sealant between them and the stem. Diaphragm pumps pulled air through the measurement chamber and an adjacent empty reference chamber of similar volume. The flow rate into the IRGA was 0.5 l min −1
. To enhance turbulence and ensure mixing in the chamber the incoming air was direct towards the chamber wall using a piece of tubing with a 90°angle at the chamber inlet. The sensors measuring the two air streams were automatically cross-calibrated once every 30 min. The [CO 2 ] of the air from each pair of measurementreference chambers was measured for 300 s following a flow stabilization period of 540 s. The measurement cycle was repeated once every 74 min. The E c was determined from the difference in the 300 s [CO 2 ] means between the measurement and reference air streams. Stem temperatures (T s ) were measured using copper-constantan thermocouples placed at 5 mm and 40 mm depths in the stem. The chambers likely had only a small influence on the stem temperatures because: (i) high radiation loads are not very common adjacent to the bole during the late summer at the studied site, (ii) the chambers covered a relatively small surface area, whereas the stem temperature would be dependent on a larger wood volume and (iii) the continuous flow through the chamber suppressed the heating of the chamber air. Half-hourly mean air temperature and humidity (1.5 m aboveground) and above-canopy PPFD were measured using a HC2-S3 probe (Rotronic AG, Bassersdorf, Switzerland) installed in a ventilated radiation shield (In Situ, Ockelbo, Sweden) and a Li-190SA PPFD-sensor (Licor Biosciences, Lincoln, NE, USA), respectively. Stem diameters at chamber locations were measured using a caliper. Diameters adjacent to the breast height chambers were also monitored continuously using wireless T-shape point dendrometers (Natkon ZN11-T, Zweifel consulting, Hombrechtikon, Switzerland). Sap flow was measured at breast height using Granier-type sensors and the half-hourly averages recorded on a CR 1000 data logger (Campbell Scientific, Logan, UT, USA). When data were missing, sap flow rate was modelled using vapour pressure deficit and PPFD based on a relationship developed from data collected on the same trees in 2011 -13 (Tor-ngern et al. 2017 .
Four discs of bark (10 mm diameter) were sampled on 27 September 2016 adjacent to each chamber using a hole-punch for analysis of chl content. The four samples from each location were pooled prior to the chl analysis. Samples were also collected from three positions along two branches of each tree on 16 June 2017 in order to facilitate comparisons between bole and branch chl contents. The chl containing inner bark layer (<<1 mm) was dissected using a scalpel and ground in 80% acetone using a ball mill (model MM 301, Retsch, Haan, Germany) equipped with Teflon sealed jars and balls in stainless steel, whereafter the samples were centrifuged to remove particles. The chl a + b concentration in the acetone extract was analysed spectrophotometrically and calculated according to Porra (2002) . The relative absorbance between 550 and 750 nm of non-chl containing bark samples (from which the chl containing layer was removed) was used as a baseline to adjust for absorbance of other bark containing pigments. While the chl analyses were carried out on bark samples collected after the gas exchange measurements, it has been previously shown that total bark chl contents of 1-and 2-year-old P. sylvestris branches do not vary seasonally (Ivanov et al. 2006) . This combined with the use of 90-year-old trees suggests that the bark chl contents of the stem sections observed in the current study should reflect the conditions during the chamber measurements. Table 1 . Chamber positions used in the current study with the associated stem properties; chl = bark chlorophyll a + b content (μmol m −2 ). Also shown is the mean fraction photosynthetic photon flux density (fPPFD) at the chamber positions. SE and NE = south-eastern and north-eastern Pinus sylvestris tree (relative to the scaffolding tower); MC, LC, BC and BH = mid-crown, lower crown, below crown and breast height, respectively. 
Data analysis
Previous studies have shown that stem E c of pines is linearly related to sapwood volume after cessation of growth and cell expansion in the autumn (Ryan 1990 , Sprugel 1990 , Ryan et al. 1995 . However, because the aim of the current study was to investigate refixation and as most of the chl in P. sylvestris stems is located in the corticular tissues (Berveiller et al. 2007 ), E c is expressed here as a function of stem surface area. The rate of CO 2 refixation during daylight hours was estimated using the temperature response of E c observed during the nighttime (defined as above-canopy PPFD <2 μmol m −2 s −1 ). In these analyses the data were first divided into 1°C bins; bins with fewer than three observations were excluded from the subsequent analysis. The aim of the binning was to ensure that observations over the entire observed temperature range would have similar weights in the temperature response fitting. The temperature response was then determined using an exponential function:
where E c is the stem CO 2 efflux rate, E 0 the efflux rate at 0°C, k the temperature sensitivity of E c and T s the stem temperature, with E c and T s being the bin averages. The change in E c in response to a 10°C change in temperature (Q 10 ) was calculated as, Q 10 = exp (k × 10). Refixation rate was then calculated as
where E mod is the CO 2 efflux rate in absence of refixation predicted using E 0 and k derived from the night-time parameterization together with continuously observed T s (Eq. (1)), and E obs is the actual efflux rate observed by the gas exchange system. The refixation percentage was calculated as
We note that for Eqs. (2) and (3) to be valid both the CO 2 storage and vertical transport in the xylem have to be negligible. While we did not continuously monitor xylem CO 2 concentration, we assume the effect of storage changes to be small over the period of the current study. The potential impact of CO 2 transport is discussed below.
Previous studies have reported time lags between T s and the observed E c that vary between 0 and 5 h in conifers (e.g. Ryan et al. 1995 , Stockfors and Linder 1998 , Acosta et al. 2008 , Etzold et al. 2013 , Tarvainen et al. 2014 . The time lag can be influenced by multiple factors including sap flow velocity, CO 2 storage in the stem, and the velocity and distance of radial diffusion between the CO 2 source and the bark surface (Hölttä and Kolari 2009 ). In the current study the time lag was estimated using night-time data, similar to Tarvainen et al. (2014) , by shifting the half-hourly T s estimates back in time for up to 5 h, with the temperature response fitting repeated for each shift. The time shift for which the r 2 of the fit between E c and T s was the highest was assumed to represent the time lag. Because fitting the temperature response of E c yielded similar r 2 for T s observations from both depths (5 and 40 mm), we chose to use the 5 mm data in these analyses (see Figure S2 available as Supplementary Data at Tree Physiology Online). No clear indication of time lag was detected and, therefore, the efflux rates in absence of refixation were calculated using the T s observation at the time of the chamber measurement. Net transport of CO 2 in the xylem sap (e.g. McGuire and Teskey 2004 , Teskey et al. 2008 , Bloemen et al. 2013 away from the chamber could lead to a reduction in daytime E c . In this case the reduction would be superimposed on that caused by photosynthetic refixation. In order to evaluate the potential influence of xylem CO 2 transport on the refixation estimates, we investigated the diurnal hysteresis between E c and T s at all measurement heights (Salomón et al. 2016) . Given the factors controlling the two processes, efflux reduction due to sap flow should lead to hysteresis of similar magnitude at all stem positions, whereas hysteresis due to refixation could be expected to be strongest in the most sun-exposed stem positions and weakest in the low light environment experienced by the breast height chambers.
The average fraction of PPFD (fPPFD) at the chamber locations was estimated using Beer's law with a canopy light extinction coefficient, 0.59, together with vertical variation in leaf area previously determined for this stand (Lim et al. 2015) , and previous measurements of below-canopy light availability at the research site (M.O.L., unpublished data). The light response of refixation was investigated for the chambers on smooth bark by plotting the refixation estimates against the above-canopy measured PPFD.
The temperature responses were fitted using IBM SPSS Statistics 20 (IBM Corporation, Armonk, NY, USA) and the regression analyses performed with SigmaPlot 12.5 (Systat Software, San Jose, CA, USA).
Upscaling
The long-term significance of refixation on the tree-scale was determined by upscaling E c based on (i) the continuous observations from the chambers (E obs ) and (ii) the predicted efflux rates in absence of refixation (E mod ) and comparing the results. Firstly, the surface area of the bole was calculated by dividing the stem into five conical frusta according to the chamber positions (similarly to Tarvainen et al. 2014) . In these calculations it was assumed that there was no diameter change below the breast height chambers (1.5 m) and that the top of the bole had a diameter of 0.02 m. Furthermore, it was assumed that the CO 2 efflux (E c , which here represents either E obs or E mod ) changed
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where r(h) = a × h + b is the stem radius as a linear function of height (h), E c (h) = c × h + d expresses E c as a linear function of h, and a, b, c and d are constants. The E c of the entire bole was calculated as the sum of the integrated fluxes of the five frusta. Secondly, the mass of the branches on each tree was estimated based on the breast height stem diameter using the allometric equations determined for this site by Lim et al. (2015) . The branch surface area was then calculated based on the allometric relationship between branch mass and surface area determined for a mature P. sylvestris stand growing in Belgium (Urban et al. 2015) . Because branch E c was not directly measured during the main study period, the total branch E c was estimated by multiplying the total branch surface area by E obs , or E mod , of the mid-crown chamber under the assumption that this efflux would be representative of the average branch. While this causes some uncertainty regarding the total branch E c , we note that measurements from the bole have commonly been used to estimate the branch efflux in upscaling studies lacking direct measurements (e.g. Maseyk et al. 2008 , Tang et al. 2008 , Katayama et al. 2014 , Martínez-García et al. 2017 . We chose to use the mid-crown observations because the stem diameter, tissue age and chl a + b content, and light climate at this position were assumed to be most similar to the average branch. This choice is supported by a destructive sampling of six trees in the same stand in 2011. In the analysis of this data the crowns were divided into five equidistant strata based on the total crown length, 8.3 ± 1.8 m (mean ± SD, n = 6), corresponding to 53 ± 13% (mean ± SD, n = 6) of the total tree height. These data show that the majority of the branch biomass was located around mid-crown (see Table S1 available as Supplementary Data at Tree Physiology Online) with little biomass present in the most sun-exposed upper stratum. Furthermore, the branch chl a + b content did not differ significantly from that of the midcrown bole (t-test, P = 0.135, n(bole) = 2, n(branch) = 12, data pooled from both trees, Table 1 and see Table S2 available as Supplementary Data at Tree Physiology Online).
In order to correct the branch refixation estimates to account for differences in the orientation, and thus light exposure, of the bole and the branches, an additional measurement campaign was carried out 14-27 July 2017. Continuous measurements were made on three positions along one branch and the midcrown bole of each of the two studied trees. The branch chambers were~11 cm long and enclosed the entire measured branch section. Branch refixation was calculated as the difference between the E c predicted based on night-time temperature response (Eqs. (1-3) ; see Table S3 available as Supplementary Data at Tree Physiology Online) and the observed E c (see Table S4 available as Supplementary Data at Tree Physiology Online). Because the branch temperatures were not directly measured, the temperature responses were fitted against air temperature. Next the refixation estimates for the mid-crown boles and the branches were compared (see Table S4 available as Supplementary Data at Tree Physiology Online). This relationship was then used to estimate the long-term average branch refixation based on the measurements from the mid-crown bole during the main study period in 2014.
Stand-scale E c was estimated based on the gas exchange data from the two intensively studied trees and forest inventory data (Lim et al. 2015) . Firstly, a linear function was fitted to describe the relationship between breast height diameter, tree height and the total bole surface area in six destructively harvested trees (r 2 = 0.97, P < 0.001, n = 6);
where A is the total bole surface area (m 2 ), D is the breast height diameter (m) and H is the tree height (m). The equation was then used to estimate the bole surface area of an average tree in the stand by calculating the mean surface area, 6.4 ± 1.7 m 2 (mean ± SD), of 303 trees for which breast height diameter and height data were available. To calculate the E c of the entire bole of such an average tree, the surface area estimate was multiplied with the mean bole E c , expressed per m −2 bole, of the two sample trees. Thus, the mean bole E c used in the calculation represented a weighted average that accounted for vertical variation in both E c and diameter. Secondly, to obtain the total tree-scale branch E c of the average tree, the allometric equations of Lim et al. (2015) and Urban et al. (2015) were used as described above. Finally, the resulting tree-scale (bole + branches) estimate was multiplied by stand density, 1010 trees ha −1 (Lim et al. 2015) , to obtain stand-scale values.
Results
The time courses of above-canopy PPFD, air temperature and E c at the different stem positions are shown in Figure 1 . The night-time E c at 0°C (E 0 ) was highest at breast height but varied little among the remaining measurement positions, while the temperature response (Q 10 ) did not exhibit any consistent vertical patterns (Table 2) . Stem temperature at 5 mm depth could explain most of the variation in night-time E c at all stem positions during the study (r 2 values in Table 2 ), however the relationship was strongest in the upper bole. Refixation was estimated to reduce E c by up to 60% at midcrown (the uppermost measurement position) and closely followed the diurnal time course of above-canopy PPFD (Figure 2) . The relative refixation rates decreased toward the stem base and were very low at breast height. Notably, negative refixation rates, i.e. higher observed efflux than expected from the temperature response, were predicted at breast height during the Tree Physiology Volume 38, 2018 early part of the day (Figure 2b ). The long-term integrated refixation increased strongly with height along the bole and was estimated to reduce the E c by between −4% and 28% over the 24-h diurnal cycle (Figure 3) .
While some transmission losses were inevitable as light passed through the canopy before reaching the measurement chambers, investigating the light response of corticular photosynthesis gives some indication of the maximal achievable refixation rates and saturating light intensities, as the former would likely have occurred when the chambers experienced sun flecks. Notably, while the absolute refixation rates differed considerably between the two trees and among the measurement levels ( Figure 4a , c and e), when expressed in relative terms the light responses were similar between the trees at a given height (Figure 4b, d and f ). This agrees with the relative long-term mean refixation rates (percentages in Figure 3 ) that were similar between the trees despite considerable differences in the observed E c (filled bars in Figure 3) . Furthermore, the relative refixation rates at light saturation appeared to increase with height along the stem (Figure 4b, d and f) , possibly reflecting the vertical variation in bark thickness (see Figure S1 available as Supplementary Data at Tree Physiology Online).
The daytime (PPFD >2 μmol m −2 s −1 ) mean relative refixation rates along the stem exhibited a non-linear relationship with mean horizontal light availability for the chambers located over smooth bark (Figure 5a , r 2 = 0.87, P = 0.006). Bark chl a + b content increased with height along the bole (linear regression, r 2 = 0.66, P = 0.015, n = 8, data pooled from both trees, Table 1 ). When evaluated for the entire bole, mean relative refixation rates varied non-linearly with bark chl content ( Figure 5b , r 2 = 0.83, P = 0.002). However, this relationship was not significant above the bark transition zone (circles in Figure 5b , r 2 = 0.07, P = 0.61, fit not shown). As a result of the along bole variation in fPPFD and chl a + b, the relative refixation rates were strongly correlated with height ( Figure 5c , r 2 = 0.97,
The sap flow rates during the study were low, 10.1 ± 5.1 kg tree −1 day −1 and 5.4 ± 3.0 kg tree −1 day −1 (mean ± SD) for the SE and the NE trees, respectively, suggesting limited potential for CO 2 transport in the xylem. Instead, the diurnal hysteresis between E c and T s increased in strength with height, tracking fPPFD variation (Figure 6 ). This tracking suggests that the daytime reduction in E c was mainly related to refixation and, subsequently, that the effect of CO 2 transport in sap flow was small. Table 2 . The night-time CO 2 efflux rate at 0°C (E 0 , nmol m −2 s −1 ) and the relative change in the efflux rate in response to a 10°C increase in stem temperature (Q 10 ) along Pinus sylvestris boles during the measurement campaign (16 August-16 September 2014) . The data were divided into 1°C bins and fitted using Eq. (1). SE and NE = southeastern and north-eastern tree, respectively; MC, LC, BC and BH = midcrown, lower crown, below crown and breast height, respectively. n = the number of temperature bins used in the fitting. Upscaling using data from all the four measured positions indicated that corticular photosynthesis refixed~10% of the total bole E c during the studied period (Table 3) . Tree-scale refixation estimates suggested that corticular photosynthesis reduced the total aboveground woody tissue E c by 23-27% over the studied period (Table 3 ). The overall (bole + branches) stand-scale E c was estimated to 0.32 μmol m −2 ground surface s −1 and refixation to 0.11 μmol m −2 ground surface s −1 , corresponding to 3.32 kg C ha −1 day −1 and 1.14 kg C ha
, respectively.
Discussion
Both of our initial hypotheses were supported by the findings of this study. Firstly, continuous E c measurements revealed a considerable decrease in long-term refixation efficiency toward the base of the bole in mature P. sylvestris growing under field conditions. Secondly, the observed vertical variation in refixation was correlated with light availability in the region of the bole with smooth and thin bark. Furthermore, while light reached the lower stem, no chl was found in the region of the bole covered with rough bark (Table 1) , thus preventing refixation. An upscaling based on the refixation estimates suggested that the total treescale (bole + branches) CO 2 loss was considerably reduced by refixation, by 23-27% (Table 3) . Sap flow has been shown to have the potential to transport large quantities of CO 2 along the stem (e.g. McGuire and Teskey 2004 , Teskey et al. 2008 , Bloemen et al. 2013 and could, therefore, bias chamber-based measurements of stem E c such as those made here. However, the lack of hysteresis between E c and T s at breast height ( Figure 6 ) argues against sap flow having a strong effect on the observed diurnal E c pattern in the current study. Rather the increase in hysteresis with height suggests that the daytime reduction in the observed E c was mainly due to refixation, which would vary vertically with light availability and corticular photosynthetic capacity. To further investigate the potential influence of sap flow, the change in the hysteresis with increasing time lag between T s and E c observations was evaluated. The hysteresis at mid-crown was found to narrow somewhat as the time lag increased (see Figure S3 available as Supplementary Data at Tree Physiology Online), indicating non-linear influence on the observed E c that could result from CO 2 transport in the xylem. However, the reduction in hysteresis was small, and was not observed at breast height (data not shown), which further supports the supposition that the daytime reduction in E c in the upper bole of the studied trees was mostly due to refixation. The refixation estimates could also be biased by the use of Eq. (2), which assumes that mitochondrial respiration was not inhibited in light and that photorespiration was negligible. The importance of these processes was investigated by Wittmann et al. (2006) , who found that the reduction in E c in silver birch (Betula pendula Roth.) branches under (a) (b) Figure 2 . Diurnal patterns of (a) above-canopy photosynthetic photon flux density (PPFD, μmol m −2 s −1 , n = 28-30, means ± SE) and (b) refixation (%) along the bole of Pinus sylvestris trees (n = 2, means ± SD). MC, LC, BC and BH = mid-crown, lower crown, below crown and breast height, respectively. ) along the bole of two Pinus sylvestris trees. Means (± SE) are shown (n = 368-470). The percentages indicate the long-term refixation efficiency, i.e. the difference between the predicted and observed effluxes. SE and NE = south-eastern and north-eastern tree, respectively; MC, LC, BC and BH = mid-crown, lower crown, below crown and breast height, respectively. illumination was pre-dominantly due to corticular refixation. The high [CO 2 ] reported for bark tissues of Western white pine (Pinus monticola Dougl. Ex. D. Don) (Cernusak and Marshall 2000) and Norway spruce (Picea abies L. Karst) (Tarvainen et al. 2014) further support the suggestion that photorespiration is likely negligible.
The refixation calculation yielded negative morning values at breast height (Figure 2b ). This likely resulted from the combination of (i) model reliance on temperature measured at 5 mm depth and (ii) the reversal of the radial temperature profile between day and night (see Figure S4 available as Supplementary Data at Tree Physiology Online). While using 5 mm T s resulted in reasonable fits at all stem positions (see Figure S2 available as Supplementary Data at Tree Physiology Online), T s at 5 mm was predictably lower than at 40 mm during the night and higher during the day (see Figure S4 available as Supplementary Data at Tree Physiology Online). Thus, if the bulk of the locally respired CO 2 originated from deeper than 5 mm, ) and (b, d, f) relative (%) refixation rates. Means ± SE are shown (n = 3-231). MC, LC and BC = mid-crown, lower crown and below crown, respectively.
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The bark of the P. sylvestris trees at the study site transitions from rough (thick) to smooth (thin) along the bole. Rough bark is considered to be a fire adaptation mechanism (e.g. Angelstam and Kuuluvainen 2004 , Fernandes et al. 2008 , Graves et al. 2014 , Pausas 2015 , while thin and smooth bark has been suggested to have a range of potential benefits related to enabling corticular photosynthesis. In addition to the internal C recycling during refixation, corticular photosynthesis improves plant-scale water-use effciency due to the low water loss from the stems compared with the losses associated with foliar photosynthesis (Cernusak and Marshall 2000 , Pfanz et al. 2002 , Aschan and Pfanz 2003 , Wittmann and Pfanz 2008b , Cernusak and Hutley 2011 , Avila et al. 2014 . Furthermore, it has been suggested that assimilates from corticular photosynthesis can be mobilized to support the post-winter recovery of needle photosynthesis in boreal P. sylvestris (Ivanov et al. 2006) and that it may provide means for (i) avoiding oxygen deficiency in stem tissues (Pfanz et al 2002, Wittmann and Pfanz 2014) , (ii) maintaining hydraulic function during drought (Vandegehuchte et al. 2015 , Bloemen et al. 2016 ) and (iii) reducing the impact of foliar loss on tree-scale CO 2 uptake (Eyles et al. 2009 ). However, given the light saturation of refixation at~600 μmol m −2 s −1 (Figure 4 ) and the transmission losses through the canopy (Table 1) , the potential long-term refixation rates near the ground surface would be low regardless of bark type and tissue chl contents. Thus, the transition between bark types along P. sylvestris boles may reflect a compromise between adaptation to reduce fire vulnerability in the lower bole and accruing the benefits of corticular photosynthesis in the upper bole and branches Hutley 2011, Rosell et al. 2014) . . Hysteresis between observed stem CO 2 efflux (% of max) and stem temperature at 5 mm at the four measurement heights along the bole. Data pooled from the two studied Pinus sylvestris trees. MC, LC, BC and BH = mid-crown, lower crown, below crown and breast height, respectively.
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Previous studies have noted that maximum refixation rates vary greatly depending on species and tissue age, with higher rates in the metabolically active younger bark (e.g. Kaipiainen et al. 1998 , Pfanz et al. 2002 . Linder and Troeng (1980) found that refixation at light saturation decreased from 40% in a 3-year-old to~10% in a 12-year-old stem section of P. sylvestris, indicating a decrease along the bole and with sapwood volume, tissue age and position analogous to the long-term observations in the current study. Furthermore, Linder (1981) showed that young P. sylvestris tissues could refix up to 90% of E c , while a 110-year-old bole section, with thin periderm and larger sapwood volume, was able to refix only 10%. Overall, the maximum rates of refixation estimated in the current study, 0.1-0.4 μmol m −2 s −1 (Figure 4a ), corresponded to a~70%
reduction in E c . These rates were similar to previous findings for mature P. sylvestris, but only one-tenth of that of young stems of many tree species, including P. sylvestris (e.g. Aschan et al. 2001 , Berveiller et al. 2007 , Wittman and Pfanz 2008a . When integrated over 24 h, the mean corticular gross photosynthetic rates, <0.1 μmol m −2 s −1 (Figure 3 ), were considerably lower than the foliar net photosynthetic rates in 1-year-old shoots of the same trees, which varied from 1.5 to 4.5 μmol m −2 s −1 in August 2013 (Tarvainen et al. 2016) . Note that these rates are not strictly comparable because leaf photosynthesis is a net gain for the plant, while corticular photosynthesis is a reduction of a loss. Still, from the point of view of the C budget, a reduced loss is as good as a gain. The large difference in the rates implies that stem refixation accounts for only a small fraction of the tree-scale C budget during the late summer. On the stand-scale, the relative importance of corticular photosynthesis is further reduced by the lower integrated surface area of boles and branches relative to leaves, being roughly half of the leaf area index of~2.7 m 2 foliage m −2 ground surface.
The total (bole + branches) stand-scale E c was~14% of the net soil CO 2 efflux rate at the studied site during the late summer period (cf. Hasselquist et al. 2012) . Zha et al. (2007) reported a similar annual contribution by the bole fraction alone in 50-year-old boreal P. sylvestris growing in Finland. However, Zha et al. (2007) upscaled measurements from covered breast height chambers under the assumption that the efflux did not change along the bole, while we found both lower base respiration rates and higher refixation rates in the upper bole. Thus, the relatively lower contribution by the bole to the whole-tree E c estimated in the current study compared with the result of Zha et al. (2007) may be explained by the inclusion of the vertical E c variation.
Few studies have investigated long-term refixation efficiency along the bole of mature trees. Benecke (1985) estimated the annual refixation at 9 m height in a 22.7 m tall Pinus radiata to reduce E c by 5%. In contrast, Kaipiainen et al. (1998) reported average growing season refixation to be 54% near the top of a mature P. sylvestris tree, nearly twice the mean long-term mid-crown estimate of 28% in the current study. The difference is likely due to greater light availability, thinner bark and lower sapwood volume in the younger stem section measured by Kaipiainen et al. (1998) . In the current study, the spatially and temporally integrated refixation estimate for the entire bole was~10% (Table 3) reflecting the proportionally larger biomass of the weakly refixing lower bole. Including branch refixation yielded a tree-scale refixation estimate of 23-27% for the studied period. Cernusak et al. (2006) estimated that ecosystem-scale refixation reduced the annual aboveground woody tissue CO 2 efflux by 7.4% in Eucalyptus-dominated openforest savanna. It should, however, be noted that their ecosystem included several species whose stems do not refix CO 2 .
In conclusion, continuous measurements at several positions along the boles of mature P. sylvestris indicated that long-term refixation of CO 2 by corticular photosynthesis was closely correlated with vertical position. This variation was mostly due to variation in light availability in the region of the bole with smooth bark, where chl was found. The lack of refixation at breast height, in turn, appeared to be caused by the absence of chl, possibly in response to the greater bark thickness of the lower bole. While the effect of corticular photosynthesis on stand-scale C uptake was limited given the much higher foliar photosynthetic rates, refixation considerably reduced stem C losses and may have yielded additional benefits through improved tree-scale wateruse efficiency, drought resistance and anoxia avoidance. Thus, our results suggest that refixation and the vertical variation in E c need to be considered when evaluating the woody tissue C cycling in P. sylvestris stands.
Supplementary Data
Supplementary Data for this article are available at Tree Physiology Online. Table 3 . Upscaled refixation estimates for the boles, branches and whole Pinus sylvestris trees (bole + branches). E c = CO 2 efflux (mmol CO 2 day −1 ); SE and NE = south-eastern and north-eastern tree, respectively. 
